The use of recombinant human bone morphogenetic protein-2 (rhBMP-2) for the treatment of congenital pseudarthrosis of the tibia has been investigated in only one previous study, with promising results. The aim of this study was to determine whether rhBMP-2 might improve the outcome of this disorder. We reviewed the medical records of five patients with a mean age of 7.4 years (2.3 to 21) with congenital pseudarthrosis of the tibia who had been treated with rhBMP-2 and intramedullary rodding. Ilizarov external fixation was also used in four of these patients. Radiological union of the pseudarthrosis was evident in all of them at a mean of 3.5 months (3.2 to 4) post-operatively. The Ilizarov device was removed after a mean of 4.2 months (3.0 to 5.3). These results indicate that treatment of congenital pseudarthrosis of the tibia using rhBMP-2 in combination with intramedullary stabilisation and Ilizarov external fixation may improve the initial rate of union and reduce the time to union.
The use of recombinant human bone morphogenetic protein-2 (rhBMP-2) for the treatment of congenital pseudarthrosis of the tibia has been investigated in only one previous study, with promising results. The aim of this study was to determine whether rhBMP-2 might improve the outcome of this disorder. We reviewed the medical records of five patients with a mean age of 7.4 years (2.3 to 21) with congenital pseudarthrosis of the tibia who had been treated with rhBMP-2 and intramedullary rodding. Ilizarov external fixation was also used in four of these patients. Radiological union of the pseudarthrosis was evident in all of them at a mean of 3.5 months (3.2 to 4) post-operatively. The Ilizarov device was removed after a mean of 4.2 months (3.0 to 5.3). These results indicate that treatment of congenital pseudarthrosis of the tibia using rhBMP-2 in combination with intramedullary stabilisation and Ilizarov external fixation may improve the initial rate of union and reduce the time to union.
Further studies with more patients and longer follow-up are necessary to determine whether this surgial procedure may significantly enhance the outcome of congenital pseudarthrosis of the tibia, considering the refracture rate (two of five patients) in this small case series.
The treatment of congenital pseudarthrosis of the tibia (CPT) often requires many operations including resection of the pseudarthrosis, bridging or closing the defect and stable fixation. 1 External fixation, intramedullary stabilisation and free vascularised fibular grafts are among the most frequently used methods of treatment, with varying degrees of success. [2] [3] [4] [5] [6] [7] [8] [9] In recent years, our knowledge of bone repair and regeneration at both the cellular and the molecular level has improved greatly. Bone morphogenetic proteins (BMPs) have been shown to play an essential role in bone formation and fracture healing by inducing mesenchymal cell differentiation, proliferation and maturation into osteoblasts. [10] [11] [12] [13] The biological activity of recombinant human bone morphogenetic protein-2 (rhBMP-2) and rhBMP-7 to improve the healing of bone defects is well documented in animal studies. 11, 14 15, 16 There are only two studies and a few case reports regarding the use of rhBMPs in the treatment of CPT, [17] [18] [19] [20] [21] and the aim of this study was to determine whether rhBMP-2 would improve the rate of union and the time to union in patients with CPT.
Patients and Methods
We reviewed the medical records of five patients with CPT whom we treated between 2006 and 2009. All had been treated with rhBMP-2 and intramedullary fixation. Ilizarov external fixation was also used in four of these patients. Their mean age at operation was 7.4 years (2.3 to 21). Three patients had neurofibromatosis; the other two had no associated disorders.
Four had a Crawford's classification 22 type IV pseudarthrosis with a pathological fracture, and one (case 3) had a type II lesion (Table I) .
Three patients had conservative management of the pseudarthrosis before surgery was performed with the use of rhBMP-2 at our institution. Operative treatment had failed in two patients. One of these (case 1) had two previous operations and the other (case 4) had undergone 28 previous surgical procedures, including resection of the pseudarthrosis, intramedullary fixation, bone grafting and Ilizarov fixation. She was 21 years old when rhBMP-2 was used to treat her at our hospital. Four patients were able to walk with a knee-ankle-foot orthosis pre-operatively, and one (case 3) required a femoral orthosis. Informed consent for the use of rhBMP-2 was obtained from the parents of each patient. Operative technique. With the patient supine on a radiolucent table and using a tourniquet, the pseudarthrosis was exposed through a longitudinal anterior incision. The soft tissue within the pseudarthrosis was excised and the bone ends were resected back to healthy-appearing bone. The mean length of resected bone was 3.6 cm (2.5 to 5.0). Care was taken to remove the whole periosteum around the pseudarthrosis. In order to allow complete apposition of the ends of the tibia, a fibular osteotomy or a partial resection was undertaken through a separate lateral incision. The medullary canals of the proximal and distal tibial fragments were drilled with increasingly larger drill bits and intramedullary fixation was achieved by retrograde transfixation of the ankle with either a rod through the heel (Steinmann pin; cases 4 and 5) or by using the male part of a telescopic Bailey-Dubow nail (cases 1 to 3), stabilising only the tibia without transfixing the ankle joint. The type of fixation was at the discretion of the surgeon. The four patients with type-IV pseudarthrosis were also treated by the Ilizarov technique, whereby the tibia was shortened to appose of the bone ends and static compression applied across the resected pseudarthrosis. In three patients (cases 1, 2 and 4) who had distal lesions and required further stabilisation, the foot was also included. In one patient (case 5) with a limb-length discrepancy of 4 cm, the pseudarthrosis site was resected and a proximal corticotomy performed for segmental bone transport.
At the end of the operation the wound was irrigated and particular attention paid to haemostasis, before application of the BMP-2 composite (InductOs; Medtronic Sofamor Danek, Munster, Germany). According to the manufacturer's directions, this was prepared with collagen sponges which were placed around the pseudarthrosis. The subcutaneous tissue was carefully closed over the sponges using interrupted sutures.
One patient (case 3) had a different operation. She had type II pseudarthrosis with anterior bowing of 50° and a sclerotic medullary canal without a pseudarthrosis. Preoperative MRI showed no neurofibromata within the bone. After resection of the periosteum around the apex, wedge resections were performed proximal and distal to the apical sclerotic bone to correct the bowing. The sclerotic medullary canal was reamed to accept an intramedullary nail. The proximal and distal tibial fragments were also drilled, and a Bailey-Dubow nail was inserted. The BMP-2-saturated collagen sponges were then placed around the apex and both osteotomies. The ankle joint was not transfixed and an Ilizarov device was not used. Clinical and radiological examinations were performed at approximately six-week intervals until six months postoperatively, and thereafter every six to 12 months. Radiological healing was defined as evidence of bridging across the tibial cortical defect at the pseudarthrosis.
Results
There were no complications during surgery, but a 2 cm × 2 cm skin defect remained in one patient. This was covered with Epigard (Biovision GmbH, Ilmenau, Germany), which was removed after 11 days, with complete healing of the defect. Early post-operative complications included a pinsite infection in case 1, necessitating pin removal after two months and a compartment syndrome (case 2) without muscle necrosis two days post-operatively. This patient underwent radical fasciotomies and two further wound revisions. The skin was closed four weeks after the original operation and there were no further complications or functional restrictions. She was allowed full weight-bearing five weeks after the primary operation, whereas the other three patients who had external fixation were mobilised fully weight-bearing immediately. The patient without external fixation was managed in a non-weight-bearing long-leg cast for six weeks and then with a full-weight-bearing femoral orthosis.
Radiological union of the pseudarthrosis was evident in all four patients who underwent resection of the pseudarthrosis, intramedullary nailing, Ilizarov fixation and rhBMP-2 administration at a mean of 3.5 months (3.2 to 4) postoperatively (Fig. 1) . The Ilizarov devices were removed after a mean of 4.2 months (3.0 to 5.3) and the patients were managed in a full-weight-bearing orthosis continuously. In one patient the Steinmann pin was removed to allow ankle mobility (case 5). In the others the intramedullary nail was left in place for additional stabilisation.
Of the four patients with radiological evidence of union after the initial procedure, two maintained union at a mean of 31.5 months (28 to 35). The other two (cases 1 and 5) sustained re-fracture at the initial pseudarthrosis site after a fall. One of these (case 1) suffered the fracture 21 months after the primary operation, and following unsuccessful conservative management over ten months he underwent exchange of the Bailey-Dubow nail, resection of the pseudarthrosis, Ilizarov external fixation and repeat BMP-2. The pseudarthrosis healed 5.4 months post-operatively, when the Ilizarov device was removed. At the most recent followup, 17 months post-operatively, there was still evidence of union and he could walk with a full-contact knee-anklefoot orthosis.
The second patient (case 5) sustained a re-fracture 6.4 months post-operatively. The Ilizarov device and the Steinmann pin had been removed six weeks before the accident, two days after which she underwent closed reduction and intramedullary stabilisation using two Prévot nails. Post-operatively, she was managed in a full-weight-bearing above-knee cast for eight weeks, and then with a femoral orthosis. At the latest follow-up, 3.6 months after surgery, radiographs showed increased callus formation, but there remained no evidence of bridging across the whole transverse cortical defect. The patient (case 3) treated by resection of the periosteum and proximal and distal corrective osteotomies, intramedullary nailing, and rhBMP-2 showed complete consolidation of both osteotomies and full correction of the deformity at the latest follow-up, 34 months after surgery.
After a mean follow-up of 31.0 months (10 to 48) all patients were pain-free and fully active. Four used a fullcontact knee-ankle-foot orthosis and the other walked with a femoral orthosis. Knee movements were full in all patients. Movements of the ankle were normal in three, limited in another, and one had no movement (Tables III and IV) .
Discussion
The optimal treatment of CPT remains controversial. [2] [3] [4] [5] [6] [7] [8] [9] In a multicentre review of 340 patients who underwent 1287 surgical procedures, the rate of union ranged from 28% to 75%. 23 The Ilizarov technique emerged as the best method with the highest rate of union (75.5%). 23 In another multicentre study, the records of 73 patients with CPT who underwent different procedures were collected from 32 hospitals in Japan. 9 The authors concluded that the Ilizarov method (84% union) and vascularised fibular bone grafting (74% union) were the most acceptable. 9 Intramedullary fixation and autogenous bone grafting alone did not provide satisfactory results, with persistent nonunion in seven of 12 patients, as demonstrated by Kim and Weinstein. 4 Conversely, Dobbs et al 7 reported an initial healing rate of 86% (18 of 21 patients) after excision of the pseudarthrosis, autologous bone grafting, and intramedullary fixation. Many operations are often required. 2, 23 For example, 29 patients (32 cases) underwent 154 surgical procedures including bone grafting, intramedullary nailing, Ilizarov fixation and free vascularised grafting to achieve union. 2 In our series, the results were promising in the four patients in whom rhBMP-2 was used with intramedullary stabilisation and external fixation. We demonstrated accelerated healing (mean 3.5 months; 3.2 to 4) compared to other studies. In Dobbs' series of 21 patients, the average time to initial union was 16 months after excision of the pseudarthrosis, autologous bone grafting and intramedullary fixation. 7 In another study of 11 patients, in which Ilizarov fixation was used, the average time to union was 10.6 months. 5 Conversely, there were a few cases of CPT that healed after three to five months without the use of BMP. 23 As a result of this accelerated healing we were able to remove the Ilizarov fixator after a mean of 4.2 months (3.0 to 5.3), compared to 12.4 months in the abovementioned study. 5 Two of our patients sustained a re-fracture at the initial pseudarthrosis site. This rate is comparable with that reported by Dobbs et al 7 (12 of 21, 57%) and Cho et al 24 (22 of 43, 52% after Ilizarov external fixation and autogenous bone grafting). However, our smaller number of patients and shorter of follow-up prevent us from making a definitive statement about the re-fracture rate. The use of rhBMP-2 in the treatment of CPT has been described in only one study so far. 17 In that series of seven Closed reduction and stabilisation of the fracture using two Prévot nails patients rhBMP-2 was used in combination with autogenous bone graft and the Williams intramedullary rod after resection of the pseudarthrosis. 17 There was radiological union in five patients at a mean of 6.4 months (3.7 to 8.1). In our series radiological union of the pseudarthrosis was evident in all patients at a mean of 3.5 months (3.2 to 4) after primary surgical treatment. The improvement in the rate of union and in time to initial healing may be attributed to the additional use of Ilizarov external fixation, perhaps reflecting the importance of mechanical compression, which can provide a better biological stimulus for healing. Post-operatively, the patients in the other rhBMP-2 study were managed in a non-weight-bearing above-knee cast with the knee in flexion for three months. 17 Our patients who were treated with the Ilizarov device were allowed fullweight-bearing after surgery, and then managed with a fullweight-bearing orthosis to varying degrees after removal of the Ilizarov frame.
The use of rhBMP-7 for the treatment of CPT has been reported by Lee et al 18 whereby five patients underwent osteosynthesis with use of rhBMP-7, corticocancellous allograft and intramedullary nail fixation. Four of these patients also had unilateral external fixation. Union was achieved in only one patient after 12 months, and the authors stated that one of the compounding factors that might have caused poor healing was the high degree of stiffness of the unilateral external fixators. 18 Three other case reports demonstrated healing of CPT after treatment with rhBMP-7. [19] [20] [21] In two of these, rhBMP-7 was used in combination with Ilizarov external fixation, leading to rapid union after three and five months, respectively. 20, 21 These results are in line with our findings using rhBMP-2.
In our study, there were no side effects associated with rhBMP-2 and no radiological changes in the proximal or distal tibial physes or abnormal bone growth related to its use. However, one patient developed a compartment syndrome two days post-operatively, which was thought possibly to be related to the use of rhBMP-2, as excessive swelling is reported with these drugs. 17, 25 In this context, Oetgen and Richards 25 evaluated the use of rhBMP-2 in 81 children and found only few complications that were felt to be directly attributable to its use. They concluded that rhBMP-2 is relatively safe in young patients but because it is used in an 'off-label' fashion in children, the authors recommend a thorough discussion of the possible risk and benefits with the family beforehand. 25 The limitations of our study include its retrospective nature, the small number of patients, the relatively short follow-up and the lack of randomisation. Nevertheless, our results demonstrate that treatment of CPT using rhBMP-2 combined with intramedullary stabilisation and Ilizarov external fixation may improve the rate of union and reduce the time to union. Further studies with more patients and longer follow-up are necessary.
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